Mo,N-codoped TiO 2 nanotube arrays (TNAs) were fabricated by a two-step method consisting of electrochemical anodization and subsequent magnetron sputtering of Mo. The samples were characterized by scanning electron microscopy (SEM), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), and ultraviolet-visible diffuse reflectance spectroscopy (UV-Vis DRS). The results showed that the Mo,N-codoped TiO 2 nanotube arrays exhibited higher visible light absorbance and remarkably enhanced photocurrent density and photocatalytic activity compared with single N-doped TiO 2 . The highly efficient photoelectrochemical and photocatalytic activity is associated with the codoping effect between Mo and N, which plays a key role in producing new states, narrowing the bandgap, and reducing the recombination thereby effectively improving the visible light absorption and photocatalytic activity of TNAs.
Introduction
TiO 2 is one of the most studied compounds in materials science and widely used in the fields of photocatalysis, dye-sensitized solar cells, and biomedical devices owing to its outstanding chemical and physical properties, such as ease of synthesis, chemical stability, and long lifetime of electron/hole pairs [1] . Compared to other types of titania nanostructures, TiO 2 nanotube arrays (TNAs) have the advantage of high surface-to-volume ratios and sizedependent properties for applications in photocatalysis, sensing, and photovoltaics [2] [3] [4] . TNAs with different sizes and geometrical shapes have been prepared using various physical and chemical synthesis routes [5] [6] [7] . Among these fabrication techniques, electrochemical anodization is an efficient and economical approach for the production of highly ordered TNAs with controllable tube size and morphology [8] [9] [10] . Highly ordered TNAs exhibited excellent photocatalytic properties due to their high-oriented uniform nanotube architecture and the rapid transfer of the photogenerated holes to the surrounding electrolyte and the extended electron lifetimes in the nanotubes [11, 12] .
Due to its large band gap (about 3.2 eV), TiO 2 fails to absorb a significant fraction of visible light effectively, resulting in a poor solar-to-hydrogen conversion efficiency. Doping, in particular the doping by N, has attracted increasing attention due to its effectiveness in realizing visible-light photocatalytic activity of TiO 2 [13, 14] . However, single doping of nitrogen also creates some problems such as low UV light photoactivity, unstable N species after photocatalysis, and low oxidation power of the photogenerated hole. For TiO 2 nanotube arrays, traditional solution-based N doping typically leads to XPS peaks above 400 eV, which can be interpreted as an interstitial doping or sensitization in many reports. Moreover, the N doping level is usually very low. This solution-based N doping sometimes compromises the effectiveness of band gap narrowing and provides numerous recombination centers resulting in the loss of photogenerated electron-hole pairs. Accordingly, the visible absorbance and the photoactivity of single N-doped TiO 2 are rather limited [2, 3, 15] .
In order to improve the visible-light photocatalytic performance of N-doped TiO 2 catalysts, the modification of doping strategy has been extensively adopted by many 2 Journal of Nanomaterials researchers. Nitrogen and various modification substances such as metal, metal oxide, and other nonmetal codoped TiO 2 catalysts have been widely investigated [16] [17] [18] [19] . The modified N-doped TiO 2 usually showed favorable effects for improving the visible-light photocatalytic activity compared to single Ndoped TiO 2 . Moreover, some researchers reported that the presence of other dopants promoted more nitrogen atoms to be incorporated into the lattice of TiO 2 . Gu et al. reported that the N concentration in V,N-codoped TiO 2 was higher than that in N-TiO 2 due to the distortion of the anatase lattice and charge compensation in the presence of V ions [20] . Wang et al. claimed that the introduction of ZrO 2 can effectively stabilize the nitrogen in the TiO 2 matrix. They found that N-Ti-O bond in the ZrO 2 /TiO 2−x N x remained even after heating the ZrO 2 /TiO 2−x N x sample at 600 ∘ C [21] . Recently, Mo and N-doped TiO 2 nanostructures have been synthesized with various methods to obtain enhanced visible-light photocatalytic activity. Tan et al. prepared Mo, N-codoped anatase nanocrystalline TiO 2 by a sol-gel method [22] . Recently, Zhang et al. found a hydrothermal route to obtain Mo+N-codoped TiO 2 nanosheets with dominant {001} facets [23] . To our knowledge, few studies have been reported about the fabrication of Mo,N-codoped TiO 2 nanotube arrays up to now. In the present work, we have fabricated Mo,N-codoped TNAs by magnetron sputtering of Mo on the electrochemically anodized TNAs. The photoelectrochemical and photocatalytic properties of codoped TNAs were investigated under visible light irradiation and compared with those of single N-doped TNAs.
Experimental Section
2.1. Preparation. Self-organized and well-aligned TNAs were fabricated by electrochemical anodization process. Briefly, commercial titanium sheets (20 mm × 40 mm, purity > 99.6%;) with a thickness of 0.25 mm were sequentially sonicated in acetone, isopropanol, and methanol for 10 min, followed by etching in the mixture of HF/HNO 3 /H 2 O (1 : 4 : 5 in volume) for 20 s, rinsing with deionized water, and drying under a N 2 stream. Resultant rectangular Ti sheet was used as an anode to couple with Pt meshwork as a cathode in the anodic oxidation test setup. A direct current power supply and a mixed electrolyte solution of ethylene glycol containing 1 wt% NH 4 F and 2 vol% deionized water were used in the electrochemical processes. The oxidation was conducted at 60 V for 3 h. Magnetic stirring was adopted throughout the oxidation processes while a circulation pump was performed at a low temperature of about 20 ∘ C. After anodization, all samples were sonicated in ethanol and dried under high purity N 2 stream to obtain the as-prepared TNAs.
Sputtering process was conducted to deposit Mo on the as-prepared TNAs using a DC magnetron sputtering (FDJ-600, Shenyang Vacuum Equipment Co., Ltd.) under the pressure 2.9 × 10 −2 Pa. Then, the samples were calcined in air at 600 ∘ C for 3 h at a heating rate of 1 ∘ C/min in a tube furnace and naturally cooled to room temperature. For comparison, the as-prepared TNAs were also calcined in air at the same temperature and denoted as N-TiO 2 .
Characterization.
The morphologies of N-TiO 2 and Mo, N-codoped TNAs were characterized with a SEM, (JSM5600LV, Japan). A scanning UV-Vis spectrophotometer (Cary 5000, Varian, USA) equipped with a Labsphere diffuse reflectance accessory was used to collect the reflectance spectra of N-TiO 2 and Mo,N-codoped TNAs in the range of 250-700 nm at a scan speed of 300 nm min −1 . The Raman spectra were measured by a laser Raman spectrometer (Renishaw-1000) with a 457.5 nm solid-state laser. Chemical state analysis was carried out on an Axis Ultra XPS instrument (Kratos, UK) using a 210 W monochromatic Al source with a pass energy of 20 eV and a step of 0.1 eV. All XPS spectra were corrected using the C1s line at 284.8 eV.
Photoelectrochemical and Photocatalytic
Activity Measurements. Photocurrents were measured by an electrochemical analyzer (IM6eX Instruments, ZAHNER, German) in a standard three-electrode system using the prepared samples as the working electrodes with an active area of ca. 4 cm 2 . A Pt meshwork was used as the counter electrode and Ag/AgCl was used as a reference electrode. A 300 W Xenon lamp (PLS-SEX300, Beijing Changtuo) was used as the light source. A cut-off filter was used to remove any radiation below 420 nm to ensure visible light irradiation only. The light intensity was measured by a photodetector, and the value is about 30 mW/cm 2 at 420 nm. A 1 M KOH aqueous solution was used as the electrolyte.
Photocatalytic activity of all samples was evaluated by monitoring the photocatalytic degradation of methylene blue (MB) in aqueous solution under visible light with vertical irradiation as light source. Briefly, to-be-tested N-TiO 2 and Mo-N-TiO 2 -X (X = 5, 30, and 60) samples were dipped into 25 mL of MB solution with an initial concentration of 10 mg L −1 . The effective photocatalytic reaction area of all samples was 4 cm 2 . Prior to irradiation, the MB solution containing to-be-tested sample was magnetically stirred in the dark for 30 min to establish adsorption-desorption equilibrium. During the photocatalytic reaction, the absorbance of MB at 664 nm was measured using an SP-2000 spectrophotometer at a time interval of 30 min. The decoloration rate of MB solution is calculated as ( 0 − )/ 0 × 100%, where 0 is the concentration of MB at adsorption-desorption equilibrium in the dark and is the concentration of MB upon completion of the photocatalytic reaction under visible light irradiation. In this way, the influence of adsorption amount of MB on its solution decoloration rate is excluded (different photocatalyst samples adsorb different amount of MB). The SEM observations clearly show that an optimal Mo deposition duration is important to get useful Mo,N-codoped TNAs. The amount of doping would be not enough to get the visible-light response with a short deposition duration. However, the aggregates of Mo or Mo oxides deposition on the TNAs with long deposition time may block the nanotubes resulting in a poor photoelectrochemical performance.
Results and Discussion

Crystal Structure.
Raman spectroscopy has been employed as a sensitive technique to examine phase composition and surface homogeneity. Figure 2 shows the Raman spectra of the single N-TiO 2 and Mo,N-codoped TNAs. Four typical Raman peaks at about 195, 393, 515, and 637 cm −1 for all samples are corresponding to the , 1 , 1 , and modes of the anatase phase of TiO 2 , respectively. It indicates that the anatase phase dominates the crystal structure of all doped samples. However, the peak intensity of anatase TiO 2 is gradually decreased along with the increase of Mo content, which may be due to the fact that the formation of Mo-O-Ti bonds inhibited the crystallite growth of TiO 2 during calcination. Moreover, compared with N-TiO 2 , the Raman peak of the Mo,N-codoped TiO 2 at ∼637 cm −1 exhibits a slight shift to low wavenumber. The expanded pattern about the Raman peaks at ∼637 cm −1 is represented in the inset of Figure 2 . It is known that the ionic radius of Mo 6+ (0.062 nm) is little smaller than that of Ti
4+
(0.068 nm). As a result, lattice contraction occurs where Ti 4+ is substituted with Mo 6+ in the TiO 2 lattice due to the difference of the ionic radius, resulting in the increase of phonon frequency. Generally, blue shift of Raman band is simultaneous with the increase of phonon frequency in some crystalline phase [22] . Herein, the blueshift of Raman peaks at ∼637 cm −1 can be ascribed to the increase of the phonon frequency due to Mo doping. Figure 3(b) , the deconvolution of N 1s peak revealed the presence of two peaks with binding energy at 399.8 and 398.6 eV. The N 1s peak localized at 398.6 eV can be ascribed to anionic N incorporated in TiO 2 in O-Ti-N linkages, while the peak at 399.8 eV can be attributed to the presence of oxidized nitrogen such as N-O-Ti from the previous reports [13, 27, 28] . Therefore, the XPS results indicated that two forms of O-Ti-N and N-O-Ti coexist in Mo,N-codoped TNAs. Journal of Nanomaterials [30, 32] .
XPS Analyses
The composition of all samples was also investigated and listed in Table 1 . The N-TiO 2 sample shows a very low N doping level with a nitrogen concentration of about 1.77 atom percent (atom %) estimated from XPS analysis. For Mo,N-codoped TiO 2 nanotube arrays samples, the atomic concentration of nitrogen increased remarkably with the prolonging of Mo deposition time compared to that of the single N-TiO 2 sample. It indicated that more surface nitrogen incorporated in the lattice of TiO 2 can be promoted by Mo doping. The above XPS results show that the substitutional nitrogen atoms are present in addition to the interstitial nitrogen dopant after Mo was introduced into the lattice of TiO 2 . In the meantime, the presence of Mo dopants allows more nitrogen atoms to be incorporated into the lattice of TiO 2 , which show that the co-doping is in favor of enhancing the dopant solubility. Mo ions in the TiO 2 lattice may influence the incorporation of N into the lattice in two ways. Firstly, the existence of Mo ions brings about more distortion of the anatase lattice facilitating the incorporation of N into the lattice. Secondly, Mo ions further decrease the income resistance of N by the charge neutrality effect. This enhanced Mo and N co-doping effect observed in XPS results is very important for the bandgap narrowing of TiO 2 nanotube arrays and resulting visible light absorption.
UV-Vis DRS Spectra Analysis.
The UV-Vis diffuse reflectance spectra of the single N-and Mo,N-codoped TiO 2 nanotube arrays are displayed in Figure 4 . The spectrum obtained from the N-TiO 2 shows that N-TiO 2 primarily absorbs the ultraviolet light with a wavelength below 400 nm, which corresponds to the typical reported absorption feature of nitrogen-doped TiO 2 arising from the electron transition from surface state of NO species to the conduction band of TiO 2 . We considered that the lower visible light absorption could be attributed to the low level of nitrogen doping, which was confirmed by XPS analysis. For the Mo,N-codoped TNAs sample of Mo-N-TiO 2 -5, the UV-Vis DRS spectrum shows can easily substitute Ti 4+ in the TiO 2 lattice, which might produce the new energy level and extend the light adsorption of TiO 2 , due to the fact that ionic radius of Mo 6+ (0.062 nm) is compatible with that of Ti 4+ (0.068 nm). However, with a large amount of Mo doping, abundance of Mo 6+ cannot dope into the lattice of TiO 2 and bring about the excessive aggregation of Mo oxide on the surface of TNAs and less influence on the adsorption edge.
Photoelectrochemical Properties.
Photoelectrochemical method is usually applied to investigate the behavior of the transfer carriers within the photocatalysts and it provides useful information of the photocatalytic process. The photocurrent response measurements were carried out under visible light irradiation to investigate the photo-induced charges separation efficiency of N-TiO 2 and Mo,N-codoped TNAs samples. The transient photocurrents were measured at a fixed bias potential of 0.2 V versus SCE with a visible light pulse of 50 s. As can be seen from Figure 5 , photocurrent values of all measured samples rapidly decrease to zero as soon as the irradiation of light turns off, and the photocurrents come back to a constant value when the light is again on with a good reproducibility. The results indicate that most of the photogenerated electrons under visible light irradiation are transported to the walls of TiO 2 nanotubes and then transferred to the titanium substrate to produce photocurrent.
It can be seen that the codoping has great effects on the density of photocurrent for TNAs. N-TiO 2 electrode shows only a lower photocurrent density of 4 A/cm [33, 34] . As a result, substitutional N atoms and interstitial N dopant coexist in the lattice after Mo incorporation. Moreover, Mo dopant allows more N atoms to be incorporated into the lattice of TiO 2 . In this way, N 2p accepter state functions to narrow the bandgap of TiO 2 via mixing with O 2p states [13] , while N is doped into the substitutive sites of TiO 2 during Mo,N-codoping. Consequently, bandgap energy of TiO 2 is significantly lowered and its absorption in the visible-light region is considerably increased. Mo,Ncodoping makes it feasible for Mo,N-codoped TNAs to be activated by visible light, while more electrons and holes are generated to participate in photocatalytic reactions.
Moreover, the dopant concentration plays an important role in increasing photocatalytic activity of Mo,N-codoped TNAs in visible light region. Even a small amount of Mo 6+ can act as a temporary photogenerated electron or hole-trapping site thereby inhibiting the recombination of photogenerated charge carriers and prolonging their lifetime [35, 36] . The detailed reaction steps are as follows:
When Mo 6+ ( 5 ) trap an electron, its electronic configuration is transferred to 6 , and if it traps a hole, its electronic configuration will be transferred to 4 which is highly unstable. Therefore, to restore the stable electronic configuration, the trapped charge carrier tends to be transferred from Mo 5+ or Mo 7+ to the adsorbed O 2 or surface hydroxyl (OH − ) thereby regenerating Mo 6+ . These newly produced active species (such as OH
• and O 2 −• ) are able to initiate the photocatalytic reactions.
Conclusions
In summary, Mo,N-codoped TNAs showing visible light response were fabricated by a two-step method consisting of electrochemical anodization and subsequent sputter deposition. XPS results indicated the substitutional nitrogen atoms are present in addition to the interstitial nitrogen dopant after Mo doping into the lattice of TiO 2 . Furthermore, the presence of Mo dopant allows more nitrogen atoms to be incorporated into the lattice of TiO 2 . This enhanced codoping effect is responsive for the bandgap narrowing of TNAs and subsequent visible-light adsorption. The results exhibited that the dopant concentration of TiO 2 nanotube arrays was an important parameter for photoelectrochemical and photoelectrocatalytic activities under visible light irradiation. When the Mo-doping time reached 30 min, the photocatalyst of Mo-N-TiO 2 -30 showed the remarkably enhanced photocurrent density and highest photocatalyst activity. This work developed a simple approach to prepare codoped anatase TNAs and also gave a detailed discussion of co-doping mechanism of TNAs.
